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Abstract 
The photovoltaic characteristics and the efficiency of real photovoltaic (PV) systems with solar radiation concentrators with the 
account of output power loss arising due to the internal electrical resistance have been investigated. The paper presents 
theoretical framework for calculating and optimization of functional and structural system parameters including the radiation 
concentration ratio and the contact system parameters of typical photovoltaic cells, particularly the resistance associated with the 
lateral current flow the contact grid electrodes within thin surface layers. 
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1. Introduction
Prospects and the extent of the use of photovoltaic solar energy conversion are associated with two fundamental 
problems: PV cells efficiency enhancement and substantial reduction of their cost. The theory of the photovoltaic 
effect in semiconductors with p-n junction makes it possible to describe the characteristics of solar cells, to explain 
practically obtained values of their efficiency and to outline the ways for its improvement. Studies based on the 
fundamental laws of physics have led to the theoretical concept of ultimate efficiency that helps to determine the 
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limits of the photoelectric energy conversion method and provides the tool for the most promising semiconductor 
materials selection. The basic physical limitations of efficiency are associated with the presence of the band gap in 
semiconductors equal to Eg (and, accordingly, the red border of the photoelectric effect). The theoretical limit of 
efficiency for solar radiation conversion ηm at the Earth's surface is about 28% and matches the width of the GaAs 
band gap (Eg = 1.4 eV). For silicon with its Eg = 1.1 eV the maximum theoretical efficiency is slightly lower 
(≈ 26%). However, in average values of practically attained efficiency, photovoltaic structures manufacturability, 
cost of manufacture of semiconductor material in crystalline form with required properties and in its occurrence in 
nature silicon is beyond competition among semiconductors. Therefore, the main concept of the large-scale 
application of photoelectric solar energy conversion is based on the use of silicon PV cells. 
In accordance with the theory [1], the maximum attainable efficiency of an ideal PV cell increases with the solar 
radiation concentration ratio K. This dependence is nearly logarithmic for low concentrations Δηm ≈ lnK which 
proves the promising perspectives of concentrated radiation use to solve the two abovementioned fundamental 
problems of photoelectric conversion at one time. In the field of high concentration ratios the efficiency tends to a 
saturation value equal to the ultimate thermodynamic efficiency of PV cell with p-n junction, ηT = 0.44 (see [2]) 
depending on Eg and has its maximum value corresponding to the silicon band gap. 
In this paper, the photovoltaic parameters and efficiency, as well as the issues of parameter optimization of real 
PV cell systems designed for concentrated radiation conversion have been studied. The principal factor limiting the 
value of typical PV cell efficiency and its growth under concentrated radiation is the loss of power due to the 
internal electric resistance R that affects the flow of current through the PV cell structure and through contacts on 
the terminals. Photovoltaic systems under consideration are intended to operate under solar radiation characterized 
by small concentration ratios. Many years’ theoretical study and practical use of such devices have contributed to 
the optimization of materials and manufacturing technology of PV cell semiconductor structures. This paper 
discusses the theoretical framework for calculating and optimization of solar radiation concentrators and parameters 
of the PV cell design, first of all, those of contact system of standard PV cells including lateral flow of current 
towards the grid electrodes along thin irradiated surface layers.  
2. Current-voltage characteristic of PV cell, optimal output parameters and radiation concentration account 
being made of power losses on internal resistance  
With the account of the series resistance, the classical model of real PV cell with p-n junction in the assumption 
of linear photocurrent gives the following voltage-current characteristics (dependence of voltage U on current 
density J) [2]: 
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where: k is Boltzmann constant, T is PV cell operating temperature, q is electron charge, Jph is density of 
photocurrent J that, in linear approximation, is proportional to the solar radiation concentration ratio K on the 
surface of the PV cell (Jph = K Jph1), J0 is the density of the reverse saturation current determined by the properties 
of semiconductor material and PV cell manufacturing technology, R is resistance per cell area unit. The 
dimensionless curvature parameter of current-voltage characteristics A is determined by the properties of a p-n
junction and usually ranges from 1 (for a perfect transition) to 2. 
The maximum PV cell output power can be evaluated from the condition of the optimum current value: 
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which gives the following implicit form of equation for the optimum value of current density, using the same 
symbol J: 
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For an idealized PV cell for which the condition of zero internal resistance (R = 0) or relatively low fluxes of 
incident radiation (Jph R<<AkT/q) is valid the maximum power P received per area unit of PV cell is equal to [2]:
ζ⋅⋅= phoc JUP ,                                                                                                                                         (4) 
here Uoc is the open circuit voltage: 
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ζ is the fill factor of the current-voltage characteristics. Under normal conditions (Jph/J0 >> 1, qUoc/AkT >> 1), the 
value of ζ is close to 1 and weakly depends on the open circuit voltage: 
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The efficiency of PV cell is defined as the ratio of the maximum output power per area unit to the intensity of 
incident radiation K⋅I: 
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where Jph1 is photocurrent under normal solar radiation intensity.  
Efficiency is a complicated function of intensity and spectral composition of he incident radiation and operating 
temperature. The efficiency of modern experimental designs of silicon PV cells reaches ≈ 22% to 25% for terrestrial 
solar radiation (AM1.5) [3, 4], and it attains about 16% to 18% in large-scale production. The existence of internal 
resistance R results in Joule (ohmic) losses of output power in PV cell ΔPR that, in the first approximation, can be 
defined from expression ΔPR = Jph2⋅R. These losses under normal (K=1) solar radiation and typical values of 
R = 1Ohm are equal to ≈10% of maximum output power. 
As follows from expressions (4) and (6), for fairly low values of radiation intensities, the efficiency increases 
with radiation concentration ratio and photocurrent. However, at the same time, Joule power losses increase 
drastically, in quadratic proportion. Therefore, for high radiation concentrations that meet condition JphR>>AkT/q,
the output power of PV cell having current-voltage characteristics (1), in accordance with asymptotic expression: 
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increases weakly while its efficiency decreases with concentration ratio K of solar flux I (and with photocurrent Jph). 
It means that the dependence of efficiency on the concentration ratio K has a maximum that shifts to larger K 
values for lower values of R. The optimal value of operating current density Jopt, and that of photocurrent Jph opt, can 
be determined from conditions: 
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Combined with equation for the optimal current and voltage (2), under condition J0 << Jph, it yields the following 
asymptotic expression for J0 → 0: 
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For conventional design PV cells (R ≈ 1 Ohm⋅cm2) the optimum photocurrent Jph opt ≈ 25-50 mA/cm2 (A ≈ 1-2), 
i.e. corresponds to the value of photocurrent under normal solar radiation. The optimal solar flux concentration ratio 
Kopt increases with decreasing R close to: 
1
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phJqR
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≈ ,                                                                                                                                        (12) 
 i.e. Kopt ≈ 1/R, where R is expressed in Ohms⋅cm2. 
For optimal concentration ratio, the maximum efficiency ηm is a complex function of resistance R, and has the 
following form [2]: 
0
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where Q is the separation ratio of photogenerated charge carriers in the p-n junction, ζ is the fill factor of the 
current-voltage characteristics for optimal concentration of solar radiation (12): 
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and values of Q, ζopt, Jphopt and Jɨ contained in (13) and (14) are functions of resistance R. It has to be noted that, 
generally, the maximum efficiency (13) non-monotonically depends on R. 
Value R represents the aggregate resistance of the base layer Rb, back contact Rr, resistance Rs of lateral current 
flow in the doped surface layer with a contact grid and resistance Rc of contact grid itself. Optimization of 
semiconductor bulk resistivity for PV cells and of the corresponding base layer resistance Rb for different values of 
solar radiation concentration ratios was done in [5]. 
Resistance of the back contact Rr can be, principally, made negligibly low which is achieved by introducing a 
dedicated heavily-doped contact layer in individual PV cells in the process of cascade structure preparation. Doping 
the surface layer of cascade structures is also used to minimize the resistance Rs for lateral current flow in this layer. 
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Recently, technologies have been designed that make it possible to manufacture structures comprising thin 
semiconductor layers with very low resistance (R ≈ 0.1Ohm cm2 to 0.001Ohm cm2) for PV cells operating under 
high concentrations of solar radiation K ≈ 100 [3, 6]. 
2.1. Optimal energy characteristics of PV cell in the linear approximation by R 
Expression (3) presents the dependence of the optimal current J on photocurrent Jph and resistance R that, for the 
general case, can be written in an explicit form and studied only using numerical methods. For qualitative analysis 
of the dependence of optimal current, optimal voltage, power and efficiency of the PV cell on parameters of its 
structure and those of its contact system the development of approximate analytical methods, for the most 
interesting cases, may appear rather effective. 
For the most essentially realizable cases, when the voltage drop across resistance R is small compared to the 
circuit voltage across the p-n junction, JphR << Uoc, the following expression for the optimum current can be 
obtained, in linear approximation by R: 
J   J  J (o) Δ+= ,                                                                                                                                            (15) 
where J(o) is the optimal current value obtained from (3) for infinitely low resistance (R = 0 ), ΔJ is, linear in R, 
correction for current. 
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The optimal voltage for infinitely low resistance (R = 0) equals to: 
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Correction ΔJ for current calculation is equal to: 
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The PV cell maximum output power P takes the following form, in linear approximation by R: 
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Presented expressions for output parameters of PV cell in the linear approximation by resistance R comes to be 
applicable in quite a wide range of solar radiation intensity including the region of maximum efficiency, Jph ≈
AkT/(qR). It has to be noted that they give the optimal value of intensity exactly corresponding to the general result 
(11) obtained above. 
1548   Yu.D. Arbuzov et al. /  Energy Procedia  74 ( 2015 )  1543 – 1550 
2.2. Solution of the equation for optimal current using method of iterations 
For different internal resistance values and under different concentrations of solar radiation, the solution of 
equation for the optimal current using the method of iterations presents the greatest interest. However, solving this 
equation in form (3) is associated with problems related to the divergence of this method, particularly for high solar 
radiation concentrations and high resistance values. It has to be therefore rewritten in the following form equivalent 
to (3) (neglecting the value of J0): 
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This form provides the applicability of the method of iterations because it does not bring the values of J outside 
their physical range for any iteration stage starting from any value, for example, J = 0, in the right side of equation. 
3. Output characteristics of PV cell for different parameters of contact grid and radiation concentrations 
This section studies the scientific and methodological basis for the development of PV cell structures intended for 
relatively low concentration applications (K ≤ 15). The principal condition is to match the basic manufacturing 
technologies of PV cells optimized for single solar radiation intensity including standard selection of materials, p-n
junction and contact system fabrication technology. Therefore, the structures under studies are certain modifications 
of conventional PV cells that have to be provided with a special contact grid upon the doped layer whose parameters 
shall be optimized for maximum efficiency under stipulated operating solar radiation concentrations. This problem 
relates to the effect of the contact grid parameters on not only the resistance of the doped layer and the aggregate 
structure resistance R but also on the photocurrent Jph, that also depends on the active surface area not shaded by the 
contact grid elements. 
Resistance Rs affecting the lateral current flow along the doped layer for conventional, industrially manufactured,
silicon PV cells is given by expression: 
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where: ρ/d is the lateral resistance of the doped layer, N is the number of strips in the contact grid in form of comb 
on the surface of PV cell, L1 and l2 are, respectively, width and length of the illuminated surface of PV cell, l1 is the 
width of strip of the contact grid. The relationship between the parameters of the grid is as follows:
N)/N - (L  l 11 ⋅= δ .                                           (22)  
For a high density grid when condition l1 << l2 is valid, i.e. for a large number of contact strips along the width 
L1, the expression for the resistance affecting the lateral current flow takes the following form: 
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which corresponds to a linear decrease with the width of strip δ. ρ/d is the lateral resistance of the doped layer. The 
resistance Rc of the contact grid itself is equal to: 
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where ρc is resistivity of the grid material, δ and h a, respectively, the width and the thickness of contact strips. 
4. Optimization of PV cell design parameters and radiation concentration  
With the increasing number of contact strips N in PV with fixed surface area L1×l2 grid resistance decreases 
inversely proportional to N while the resistance to lateral current flow in the doped layer decreases sharper than 
inversely proportional to N2 resulting in a decrease in the aggregate resistance R which contributes to the growth of 
efficiency. At the same time, photocurrent Jph reduces due to the reduction of active, illuminated, surface area free 
from contact strips. Therefore, the dependence of the PV cell efficiency for any concentration ratio on the number of 
contact strips N and, consequently, on the share of illuminated PV cell surface shaded by the contact grid will have a 
maximum. 
Fig. 1 shows the calculated dependence of the efficiency on the share of the surface area shaded by the contact 
grid of silicon solar cell for different stripe width values δ under terrestrial conditions of solar radiation (I = 0.1 
W/cm2) and for concentration ratio K = 9. The following values of variables were used in calculations: density of 
photocurrent for solar radiation falling on the surface free of contacts JS = 0.04 A/cm2, current-voltage 
characteristics curvature parameter A = 2, dark current Jo = 5×10-7 A/cm2, temperature T = 300 K. Calculations were 
made for the following design parameters: resistivity of the illuminated doped layer ρ = 0.15 Ohm⋅cm,  resistivity of 
the base layer (with thickness d = 1.5 ȝm) ρb = 2.5 Ohm⋅cm, thickness of the base layer is 0.05 cm, thickness of the 
contact strip h = 0.01 cm. 
Fig.1. Dependence of efficiency on the surface area of PV cell shaded by the contact grid for different values of the contact strip width, for 
K=9. 
The dependence has the form of curve with a fairly explicit maximum that grows in its amplitude and shifts to the 
side corresponding to lower values of the share of shaded surface area. The maximum efficiency monotonically 
increases with the width of contact strip δ.  
A similar dependence has the absolute maximum efficiency for the optimal radiation concentration ratio. 
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5. Conclusion 
Investigations performed in the work make it possible to prove the possibility and identify the ways to achieve 
the maximum efficiency and its ultimate values for photovoltaic solar energy converter systems with radiation 
concentrators by optimizing parameters of their design. It helps to determine the optimal values of the radiation 
concentration ratio and standard parameters of the PV cell contact system depending on the electrical properties of 
the base semiconductor material, manufacturing technologies and photovoltaic characteristics of structures based on 
this semiconductor. 
References 
[1] Vasiliev AM, Evdokimov VM, Landsman AP, Milovanov AF. Study of the solar cells under strong lighting. Solar engineering 1975; 2, p. 18-
24. 
[2] Arbuzov YuD, Evdokimov VM. Fundamentals of Photovoltaics. Moscow: GNU VIESH; 2008. 
[3] Verlinden PJ, Swanson RM, Grane RA. Progress in Photovoltaics 1994; 2, p. 143. 
[4] Zhao J, Wang A, Green MA. Progress in Photovoltaics 1994, No 2, p. 227. 
[5] Vasiliev AM, Evdokimov VM, Makarova NN, Milovanov AF. Optimization of solar cell at high levels of illumination.  Solar engineering, 
1974, No. 3, 3-9. 
[6] Sinton RA, Swanson RM. IEEE Trans.  Electron.  Dev.  ED-34 1994, p. 2116-2122. 
